The traditional Korean fermentation agent, called nuruk, is produced by the fermentation of various raw grains (e.g., wheat, barley, millet, rice, soybean, rye, or oats) [6, 13, 20] . Nuruk is generally made by spontaneous fermentation through the natural transfer of fungi (such as Aspergillus sp., Lichtheimia sp., Rhizopus sp., Mucor sp., and yeasts) and bacteria from the environment [10, 19, 20, 29]. These microorganisms produce various amylolytic and proteolytic enzymes that play important roles in starch saccharification and protein digestion. Nuruk plays a significant role in the production of unique flavor and quality of traditional Korean alcoholic beverages during alcoholic fermentation [4, 26, 28] . However, non-saccharogenic or pathogenic microorganisms from rotten grains or contaminated environment may sometimes dominate in nuruk when it is fermented under uncontrolled conditions [16, 17] . Nuruk is usually processed at a moisture content of approximately 26% (w/v) and a temperature of 30−45°C to ensure vigorous growth of microorganisms and generation of starch-degrading enzymes [1, 21, 26] . Fermentation temperature is one of the most important factors that shape the microbial community of nuruk [1] and affect the production of effective hydrolytic enzymes [2] . However, to the best of our knowledge, the effects of temperature on enzymatic activity and metabolite changes during nuruk fermentation have not yet been fully investigated.
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It has been suggested that hydrolytic enzymes as well as the metabolites produced by these enzymes may be Nuruk is a fermentation agent, which has been used for the production of traditional Korean alcoholic beverages. The objective of this study was to investigate the effects of temperature on nuruk fermentation. One wheat nuruk sample was fermented at 36°C for 30 days (TN-A) and another at 45°C for 10 days followed by 36°C for 20 days (TN-B) . The activities of α-amylase, glucoamylase, and acidic protease, as well as metabolite contents were measured. Initially, the enzymatic activities increased rapidly regardless of the fermentation temperature. After 3 days of fermentation, the enzymatic activities were maintained in TN-A, but gradually decreased in TN-B until the end of fermentation process. Metabolite analysis using 1 H-NMR showed that the levels of glucose, glycerol, fructose, mannitol, and lactose initially increased quickly and then decreased in TN-A. However, they initially decreased and then were maintained over the fermentation period in TN-B. The contents of glycine, proline, and serine were higher in TN-A than in TN-B. This study suggests that a constant temperature of approximately 36°C is appropriate for achieving high amylolytic and proteolytic activities in the production of wheat nuruk. responsible for nuruk fermentation [25] . Because the metabolite composition of fermented nuruk reflects its potential for alcoholic fermentation, parallel studies of enzyme activity and metabolite content are indispensable to understand nuruk fermentation. Proton nuclear magnetic resonance ( 1 H-NMR) is one of the most comprehensive, relatively easy, and nondestructive methods for simultaneous analysis of multiple metabolites present in fermented foods [5, 7−9, 14, 15] .
Keywords
The main objective of this study was to investigate the effects of the initial fermentation temperature on nuruk fermentation by comparing enzymatic activities and changes in metabolite contents in nuruk. Our data suggest an appropriate fermentation temperature for the production of wheat nuruk with high amylolytic and proteolytic activities.
Wheat grain for nuruk fermentation was prepared using the wheat (Triticum aestivum) cultivar Keumkang with some modifications of the traditional manufacturing method [4] . Briefly, dried whole wheat grain (10 kg) was crushed using a grain grinder (Daewoo, Seoul, Korea), sifted using a sieve (2.7 mm mesh size) to remove large particles and soaked in 2.6 L of water for 1 h. Water was added to crushed wheat grain (340 g) at final water content of 26% and was pressed into a cake-shaped mold (11.8 cm in diameter × 3.1 cm in height). One sample (TN-A) was incubated at 36°C for 30 days and the other (TN-B) at 45°C for 10 days and then at 36°C for 20 days to examine changes in enzyme activity and metabolite profiles by temperature succession. All samples were fermented at 70% relative humidity and the temperature was measured every 12 h using a HOBO data logger (Onset Computer Corporation, Bourne, MA, USA). Aliquots were taken after 0, 3, 6, 10, 20, and 30 days of fermentation, and samples were dried at 45°C for 1 week. The nuruk samples were homogenized using a blender (Hanil Science Industry, Incheon, Korea), suspended in deionized water (20 g sample/100 ml water) at 20°C for 30 min, and pH was measured with a pH meter (Thermo Fisher Scientific, Waltham, MA, USA).
Enzymes were extracted from nuruk samples using a method recommended by Megazyme (Wicklow, Ireland). Briefly, 10 g of nuruk samples were mixed with 50 ml of deionized water using a rotary shaker (200 rpm, Hanil Science Industry) at 20°C for 30 min followed by centrifugation (10,000 ×g for 20 min at 4°C). Supernatants were stored at -80°C until analysis.
Enzymatic activities were measured as described previously [24, 25] with modifications. For the measurement of α-amylase activity, 40 μl of enzyme solution was mixed with 40 μl of 2% (w/v) soluble starch solution (dissolved in 0.1 M phosphate buffer, pH 7.0). After incubation at 40°C at 30 min, 20 μl of 1 M HCl was added to stop the reaction, followed by the addition of 100 μl of iodine reagent (0.05 mM I 2 and 0.05 mM KI). After color development, the absorbance was measured at 580 nm using SynergyMx reader (BioTek, Winooski, VT, USA). One unit of α-amylase activity was defined as the disappearance of 1 mg of iodine-stained starch per min [24] . For the measurement of glucoamylase activity, 1 ml of 2% (w/v) soluble starch solution was added to 0.2 ml of 200 mM sodium acetate buffer (pH 5.0) and incubated at 40°C for 5 min. Enzyme solution (100 μl) was then added to this mixture and incubated at 40°C for 20 min. The reaction was stopped by adding 0.1 ml of 1 M NaOH. The reaction mixture (400 μl) was added to 0.6 ml of 3,5-dinitrosalicylic acid (DNS) solution, and the mixture was heated in a boiling water bath for 5 min. Absorbance was determined at 510 nm with glucose used as a standard as described by Yang et al. [25] . One unit of glucoamylase activity was defined as the amount of glucoamylase liberating 1 mg of glucose from soluble starch in 20 min.
For the measurement of acidic protease activity, 0.5 ml of 2% (w/v) casein solution was added to 1 ml of 0.1 M McIlvaine buffer (pH 3.0) and incubated with enzyme solution (2 ml) at 40°C for 1 h. The reaction was stopped by adding 0.5 ml of 0.4 M trichloroacetic acid. The reaction mixture was clarified by filtration, and the amount of soluble peptides in 1 ml filtrate was measured by incubation with 5 ml of 0.4 M sodium carbonate solution and 1 ml of 20% (w/v) Folin-Ciocalteu's phenol reagent at 40°C for 30 min, followed by absorbance measurement at 660 nm [25] . One unit of acid protease activity was defined as the amount of enzyme required to catalyze the release of 1 μg tyrosine per hour at 40°C.
Metabolites produced in the nuruk samples during fermentation were measured as previously described [11, 12] with some modifications. Briefly, a nuruk sample (1 g) was dissolved in 99.9% deuterium oxide (600 μl, D 2 O) containing 5 mM sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) and incubated at 20°C for 10 min. After centrifugation at 10,000 ×g for 5 min, the supernatants were transferred into 5-mm NMR tubes, and their 1 H-NMR spectra were acquired using a Varian Inova 600-MHz NMR spec-trometer (Varian, Palo Alto, CA, USA). All analysis were performed in triplicate. Metabolite identification and quantification were performed using the Chenomx NMR suite program (v6.1; Chenomx, Canada) as described previously [7, 27] . To investigate metabolite changes during fermentation, statistical redundancy analysis (RDA) was performed using the vegan package [18] in the R programming environment (http://cran.r-project.org/) on the basis of all metabolites in nuruk samples annotated from the 1 H-NMR spectra depending on the fermentation temperature.
The temperatures of both nuruk samples rapidly increased to 45−46°C during the initial fermentation period, but their profiles during fermentation were markedly different. The temperature of TN-A nuruk rapidly decreased until approximately 36°C after 3 days of fermentation (Fig. 1A) . However, the temperature of TN-B nuruk was relatively constant and then rapidly decreased to approximately 36°C after 10 days of fermentation according to the change in the set temperature. After this rapid decrease, the temperatures of both samples were similar and nearly constant until the end of fermentation (Fig. 1A) . Thus, the increase in the sample temperature above the set temperature was detected only in TN-A, which might be explained by the generation of heat by microbial growth during fermentation [23] .
The pH of nuruk samples was approximately pH 6.2 (Fig.  1B) . However, the pH values of TN-A and TN-B markedly diverged during fermentation. After 3 days, the pH of TN-A decreased to approximately pH 5.9, whereas that of TN-B increased to approximately pH 6.5. After these initial changes, the pH value of each sample remained relatively constant. The decrease in pH in TN-A might be related to the production of organic acids, suggesting that the pH profile might be a potential indicator of metabolite production by fermentation.
To compare changes in enzymatic activities at different fermentation temperatures, the activities of α-amylase ( Fig.  2A), glucoamylase (Fig. 2B) , and acidic protease (Fig. 2C) in nuruk samples were measured during the fermentation period. The activities of all three enzymes rapidly increased during the initial fermentation period and then remained relatively constant in TN-A. In both samples, α-amylase activity increased quickly but then gradually decreased in TN-B. The activities of glucoamylase and acidic protease in TN-B nuruk were relatively constant during the entire fermentation period (Fig. 2) . The activities of all three enzymes were much lower in TN-B than in TN-A. These results showed that amylolytic and proteolytic activities in nuruk samples maintained at the 36°C were higher than those in the samples first incubated at 45°C and then at 36°C.
The 1 H-NMR technique was applied to analyze changes in metabolites such as carbohydrates, organic acids, and amino acids during nuruk fermentation. Glucose, fructose, mannitol, maltose, glycerol, galactose, malate, and lactate were detected as major carbonic compounds (Fig. 3) . In TN-B sample, the levels of glucose, fructose, mannitol, maltose, glycerol, and galactose decreased relatively quickly during the early fermentation period and then remained constant until the end of fermentation. In TN-A, the levels of these metabolites were higher than in TN-B during most of the fermentation period, and only decreased at the end of fermentation (30 days). The concentrations of malate and lactate were relatively constant during the entire fermentation period in TN-A, but slightly decreased in TN-B and then increased again.
The concentration-time profiles of amino acids differed depending on the fermentation temperature (data not shown). The concentrations of glycine, proline, and serine increased more rapidly during the early fermentation period in TN-A than in TN-B; however, after the initial rapid increase, the concentrations of these amino acids decreased rapidly in both samples. An RDA showed that metabolite changes in nuruk samples fermented at different temperatures were distributed along notably different routes of the biplot over the fermentation period (Fig. 4) , which suggested that metabolite changes differed depending on the fermentation temperature and production of sugars and amino acids was higher in TN-A than TN-B on 3−20 days. Previous studies have shown that the fungi from the Aspergillus genus, which are amylolytic and proteolytic enzyme producers [11, 25] , are present in larger amounts in TN-A nuruk than in TN-B nuruk [1] . This study suggests that 36°C might be the appropriate temperature for amylolytic and proteolytic activity during wheat nuruk fermentation. This is the first study to investigate the effects of fermentation temperature on the activity of amylolytic and proteolytic enzymes and metabolite changes during fermentation of nuruk. However, additional studies on the relationships among microbial communities, metabolite changes, and sensory characteristics (e.g., taste and flavor) are necessary to produce highquality Korean alcoholic beverages. 
